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Abstract 6 
Technetium-99m is the principal radioisotope used in medical diagnostics; radionuclidic 7 
impurity is the major concern of its quality. This work presents a analytical method for 8 
sequential determination of all radionuclidic impurities listed in pharmacopoeia including 9 
gamma emitters, alpha emitters, 89Sr and 90Sr. Radioactive decay for removal of 99mTc, 10 
ion exchange and extraction chromatography for removal of 99Mo and 99Tc are effective 11 
for separation of interferences. Gamma spectrometry, LSC with alpha/beta 12 
discrimination, and Cherenkov counting using LSC are sensitive methods for 13 
measurement of the impurity radionuclides.  The detection limits of this method are well 14 
meet the requirement of the quality control according to the limitation of the 15 
pharmacopoeia.  16 
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Technetium-99m is the principal radioisotope used in medical diagnostics; more than 30 21 
million 99mTc procedures are used per year all over the world, which accounts for about 22 
80% of all nuclear medical diagnoses. 99mTc is mainly provided through 99Mo/99mTc 23 
generator [1], although it can be also directly produced through 100Mo(p,2n)99mTc 24 
reaction by proton irradiation of stable 100Mo in a cyclotron [2].  99Mo used in the 25 
generator can be produced by neutron irradiation of stable 98Mo or through neutron-26 
induced fission of 235U using enrich 235U target. Due to the high specific radioactivity of 27 
99Mo produced by fission of 235U (>1014 Bq/g Mo), 99Mo in most of generators used for 28 
nuclear medical purpose are produced by irradiation of enrich 235U in nuclear reactor. 29 
After irradiation of enriched 235U, large number of radionuclides including all fission 30 
products and many neutron activation products are produced; 99Mo has to be separated 31 
from uranium matrix and all other radionuclides before loading to the alumina column in 32 
99Mo/99mTc generator. The radionuclidic impurity in 99mTc eluate (sodium pertechnetate 33 
injection) used in the nuclear medicine, especially the long-lived radionuclides, is a major 34 
concern in the application of this product, because these impurities might interfere the 35 
efficiency of diagnosis and therapy, meanwhile the injection of radionuclidic impurities 36 
will also cause an extra radiation to the patients.  Among all radionuclides produced in 37 
the irradiated 235U, 131I, 103Ru, 89Sr, 90Sr and alpha emitters (uranium, plutonium, 38 
neptunium, americium and curium isotopes) are the most important ones because of their 39 
high production rates (high fission yield), relative long half-life and high 40 
radiation/chemical toxicity (especially alpha emitters). In the 99mTc eluate from 41 
99Mo/99mTc generator, 99Mo is the most important radionuclidic impurity, which might 42 
breakthrough the column of the generator, and cause extraordinary radiation to the patient 43 
due to their relative longer half-life (65.9 h) compared to 99mTc (6 h). Therefore, it is 44 
required by the medical authorities that 99mTc eluate from the 99mTc-99Mo generator has to 45 
contain limited amount of radionuclides other than 99mTc. According to Ph.Eu 46 
Monograph, the major concerning radionuclides in the sodium pertechnetate injection 47 
(99mTc eluate) from a 99mTc-99Mo generator using fission 99Mo include 99Mo, 131I, 103Ru, 48 
89Sr, 90Sr, alpha emitting impurities and other gamma (beta) emitting impurities. Table 1 49 
listes the limitation of these impurities in the European and US pharmacopoeias. Except 50 
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99Mo, the limitations for other impurities are the same for these two pharmacopoeias [3, 51 
4].  52 
 53 
Table 1  Limitation of radionuclidic impurities in 99mTc eluate by pharmacopoeias 54 
Radionuclide Half life γ-rays energy 
(keV) 
βmax 
Energy 
(MeV) 
Limitation, ratio to 99mTc by 
pharmacopoeias 
EU [3] US  [4] 
99Mo 65.9 h 739.5(12.2%) 1.350 1×10-3 1.5×10-4 
131I 8.02 d 364.4(81.7%) 0.971 5×10-5 5×10-5 
103Ru 39.3 d 497.1(91%) 0.763 5×10-5 5×10-5 
89Sr 50.5 d  1.495 6×10-7 6×10-7 
90Sr 28.7 y  0.546 6×10-8 6×10-8 
α-emitters    1×0-9 1×0-9 
All other γ-
emitters 
   1×10-4  
All other γ and 
β-emitters 
    1×10-4 
In the routine analysis for quality control of 99mTc eluate, only 99Mo is often measured 55 
using lead shield (6 mm) of sample and dose calibrator measurement [1, 5, 6]. This is 56 
based on the higher gamma energy of 99Mo (739.5 keV, 777.9 keV) compared to 99mTc 57 
(140.5 keV), most of 99mTc (>99%) can be shielded, but the counting efficiency of 99Mo 58 
is only reduced by 50%. A few methods have also been reported to measure 89Sr and 90Sr 59 
in the 99mTc eluate using complicated ion exchange chromatography, solvent extraction, 60 
active charcoal adsorption, oxalate/sulfate  precipitation and extraction chromatography 61 
for separation and liquid scintillation counting (LSC) or proportional counter for 62 
measurement of 89Sr and 90Sr [7-9]. Some methods have also been reported to separate 63 
alpha emitters including plutonium, uranium and americium from 99mTc eluate and to 64 
measure them using alpha spectrometry or LSC with alpha/beta discrimination [10-12]. 65 
Most of these methods are tedious and complicated. No method for sequentially 66 
separation of these radionuclides and measurement of them with sufficient detection limit 67 
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has been reported. This work aims to establish an analytical method by sequentially 68 
separation of target radionuclides followed by sensitive measurement using LSC for 69 
quality control analysis of all radionuclidic impurities listed in Table 1 in 99mTc eluate 70 
from 99Mo/99mTc generator.  71 
Experimental 72 
Materials, Standards and chemical reagents 73 
Strong basic anion exchange resin AG1×4, Cl- form, 50-100 mesh was purchased from 74 
Bio-Rad  Laboratories, Inc. (California, UAS),  2 mL plastic empty column and Sr-resin 75 
in 2 ml plastic column (100-150 µm) was purchased from TRISKEM International (Bruz, 76 
France), 20 mL glass vials and liquid scintillation cocktail Ultima Gold LLT was 77 
purchased from PerkinElmer Inc ( Massachusetts, USA). All chemicals used in the 78 
experiment were of analytical grade and prepared using deionized water (18.2 MΩ). 85Sr 79 
and 241Am solutions were provided by Hevesy laboratory, Technical University of 80 
Denmark. Uranium standard solution was purchased from LabKings B.V (Hilversum, the 81 
Netherlands). The standard solutions of 99Mo, 131I, 103Ru, 89Sr, 90Y and 90Sr were 82 
provided and certified by Eckert & Ziegler Analytics, California, USA), 242Pu standard 83 
solution (NIST-4334G) was purchased from National Institute of Standard and 84 
Technology (Gaithersburg, MD, USA). 85 
Sequential separation for separation of interfering radionuclides 86 
The radioactivity of impurity radionuclides is normally 3-9 orders of magnitude lower 87 
than 99mTc in the 99mTc eluate. It is impossible to directly measure these impurity 88 
radionuclides using radiometric methods, Removal of most of 99mTc is needed for 89 
measurement of other gamma emitters. Most of radionuclides has to be separated for 90 
measurement of alpha emitters, and determination of low level 89Sr and 90Sr requires a 91 
completely removal of all other radionuclides except strontium. Fig. 1 presents a 92 
schematic diagram of sequential separation/removal procedure for determination of the 93 
radionuclidic impurities in 99mTc eluate. The detailed procedures are presented below. 94 
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Removal of 99mTc for measurement of γ emitters  95 
 Based on the relative short half-life of 99mTc (6.02 h) compared to other impurity 96 
radionuclides (>65 h), 99mTc was removed by more than 7 days decay.  The 99mTc eluate 97 
of 5 ml was divided into two aliquots; one 2 ml aliquot was transferred to a 10 ml glass 98 
vial, which was stored in a lead pot. After 5-10 days decay, this aliquot was directly 99 
measured using γ-spectrometry for all gamma emitters including 99Mo, 131I and 103Ru.  100 
 101 
 102 
 103 
 104 
 105 
 106 
 107 
 108 
 109 
 110 
Remove of 99mTc and 99Mo using anion exchange chromatography and Sr resin. 111 
Alpha emitters including isotopes of uranium, plutonium, neptunium, americium and 112 
curium were measured using LSC employing the α/β discrimination function. Some beta 113 
particles might be spillover into alpha window in LSC measurement, meanwhile the 114 
content of alpha emitters is very low in the 99mTc eluate. 99mTc and 99Mo were removed 115 
using anion exchange chromatography based on the high adsorption of TcO4- and MoO42- 116 
on the column at neutral and low acidic solution, but no significant adsorption of 117 
 
Fig.1 Schematic diagram of the sequential separation procedure for 
determination impurity radionuclides in 99mTc eluate 
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actinides on the column in this condition. Because 89Sr and 90Sr are cation in 99mTc eluate, 118 
they were also collected in the effluent. The recovery of actinides and strontium in 119 
separation procedure using anion exchange resin was investigated using 242Pu, uranium, 120 
85Sr, 90Sr and 90Y as tracers. 121 
1.9 mL of 0.9% NaCl solution was transferred to a beaker, 0.20 ml of 1.0 mol/l HCl 122 
solution and 0.10 ml of individual radionuclides (85Sr, 90Sr-90Y, 90Y, 99mTc, 99Mo, 242Pu, 123 
uranium and 241Am) was spiked to the beaker. The spiked solution was loaded to a 2ml 124 
AG1-×4 anion exchange column (50-100 mesh) preconditioned with 5 ml of  0.9% NaCl-125 
0.1 mol/l HCl. The beaker was washed 2 times using 1.0 ml of 0.10 mol/l HCl solution 126 
each and the wash solution was loaded to the column. The effluent and washes were 127 
collected and combined in a vial.  Standard solution of uranium, 242Pu, 241Am, 90Sr-90Y, 128 
90Y, 85Sr, 99mTc and 99Mo were prepared by spiking the same amount (0.100 mL) of the 129 
individual radionuclide solution to 4.2 ml solution of 0.45% NaCl- 0.1mol/l HCl. 85Sr. 130 
99mTc and 99Mo were measured using γ-spectrometry. For 238U measurement, 1.0 ml of 131 
sample solution was diluted for 10 times using 0.5 mol/l HNO3, and 238U was measured 132 
by ICP-MS. For 90Sr-90Y, 90Y, 242Pu and 241Am, the solution was mixed with 10.0 ml of 133 
Ultima Gold LLT scintillation cocktail in a 20 ml glass vial, and measured by LSC. By 134 
comparison with standard of each radionuclide, the recoveries or decontamination factors 135 
of these radionuclides were calculated.  136 
One aliquot of the effluent (2.0 ml) from the anion exchange column was transferred to a 137 
beaker, 2.0 mg of stable strontium, 2.0 mg of yttrium and 0.20 ml of 1 mol/l HCl were 138 
added. The solution was loaded to a 2ml AG1-×4 anion exchange column (500-100 139 
mesh) and preconditioned with 5 ml of  0.9% NaCl-0.1 mol/l HCl. The beaker was 140 
washed 2 times with 1.0 ml of 0.10 mol/l HCl solution and the wash solution was loaded 141 
to the column. The effluent and washes were collected and combined in a vial. 2.0 ml of 142 
the solution (Effluent+washes) was transferred to a new 20ml glass vial, 10 ml of Ultima 143 
Gold LLT scintillation cocktail was added. After mixing, the total alpha activity was 144 
measured using LSC by employing α/β discrimination function. The remaining solution 145 
was reserved for 90Sr and 89Sr determination. 146 
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Purification of strontium for measurement of 89Sr and 90Sr using LSC 147 
For investigation of the recovery of strontium and decontamination factors of 99mTc/99Tc 148 
and 99Mo, 2.0 mL of 8 mol/l HNO3-0.45% NaCl solution spiked with 2 mg Sr and 2 mg 149 
Y carriers and 85Sr, 90Sr-90Y, 90Y, 99Mo or 99mTc solution was prepared. The solution was 150 
loaded to a 2 ml Sr-column pre-conditioned by 10 ml of 8.0 M HNO3 solution. 10 ml of 151 
8.0 mol/l of HNO3 solution was used to wash the beaker two times, and the effluent and 152 
washes were discarded. Strontium adsorbed on the Sr-resin column was eluted using 10.0 153 
ml of 0.05 M HNO3 solution, the eluate was collected in a 20 ml glass vial. 85Sr, 99mTc 154 
and 99Mo in the vial were measured using HPGe gamma spectrometry, 90Sr and 90Y were 155 
measured by LSC after addition of 10 ml Ultima Gold LLT scintillation cocktail).The 156 
chemical recoveries of 85Sr or 90Sr and decontamination factor for 90Y, 99Mo and 157 
99mTc/99Tc were calculated by compared with the corresponding spiked radionuclide. 158 
2.0 mL of solution of effluent plus wash reserved from the anion exchange separation of 159 
99mTc eluate was taken to a beaker; concentrated HNO3 was added to final HNO3 160 
concentration of 8.0 mol/l.  The solution was loaded to a 2 ml Sr-column pre-conditioned 161 
by 10 ml of 8.0 M HNO3 solution.  10 ml of 8.0 mol/l of HNO3 solution was used to 162 
wash the beaker two times. Strontium adsorbed on the Sr-resin column was eluted using 163 
10.0 ml of 0.05 M HNO3 solution, and collected in a 20 ml glass vial. 89Sr in the eluate 164 
was immediately measured by LSC using Cherenkov radiation without scintillation 165 
cocktail; the same solution was re-measured after 6-10 day by LSC for Cherenkov 166 
counting of 90Y plus 89Sr in order to determine 90Sr in the sample. 167 
Measurement of radionuclides 168 
Measurement of γ- emitters (99Mo, 131I, 103Ru, 85Sr, etc.)  169 
The samples prepared in 2.0 ml of aqueous solution in 20 ml glass vial was directly 170 
measured using gamma spectrometry consisting of a HPGe detector, electronic system 171 
and Gennie 2000 software for spectrum acquisition and analysis of the gamma spectra  172 
(Canberra, Technologies Inc., Meriden, Connecticut, USA). The detector was calibrated 173 
for energy and counting efficiency. The relative counting efficiency of the gamma 174 
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spectrometry is 38% and the resolution is 1.96 keV for 1332 keV gamma peak of 60Co. 175 
99Mo, 131I, 103Ru and other possible artificial gamma emitters were measured.  85Sr was 176 
also measured using this system. 177 
Measurement of 89Sr, 90Sr, 242Pu, 241Am and total alpha emitters  178 
Liquid Scintillation counter, 1200 QuantulusTM (PerkinElmer life Science, Turku, 179 
Finland) was used to measure 89Sr, 90Sr and total alpha emitters. Cherenkov counting 180 
model was used to measure 89Sr and 90Sr, the separated solution in 0.05 mol/L HNO3 was 181 
directly measured without scintillation cocktail. The procedure blank and the standard 182 
solution of 89Sr and 90Sr in the same media were measured with the samples. Each sample 183 
was measured 30 min. For 242Pu, 241Am and total alpha emitters, α/β discrimination 184 
function was applied, the samples were prepared in 2.0 ml of 0.1 M HCl solution in 20 ml 185 
glass vial, 10 ml of Ultima Gold LLT scintillation cocktail was added to each vial for 186 
LSC measurement. Different settings of PSA and 242Pu and 99Mo solution (0.45% NaCl-187 
0.1mol/l HCl) were investigated for optimization of counting parameters for alpha 188 
emitters by LSC using alpha/beta discrimination. PSA100 was applied for measurement 189 
of samples, 190 
Measurement of uranium (238U) using ICP-MS 191 
For investigation of the separation method of uranium isotopes, the separated uranium 192 
was diluted in 0.5 mol/L HNO3, In3+ solution was added to a final concentration of 2 193 
ng/ml as internal standard. 238U in the solution was measured by ICP-MS (X series II, 194 
Thermo Fisher Scientific, Waltham, MA) equipped with an Xt skimmer cone and a 195 
concentric nebulizer, operated under hot plasma conditions. The detection limit of this 196 
instrument for 238U is 0.001 ng/mL. 197 
Results and discussion 198 
Removal of 99mTc for measurement of γ emitters  199 
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 99mTc decays by isomeric transition to 99Tc with a relative short half-life of 6.02 h and 200 
emits γ-ray of 140.5 keV (89%). Because the activity of 99mTc is normally 3-10 orders of 201 
magnitude higher than other γ-emitting radionuclides in the 99mTc eluate, 99mTc has to be 202 
removed before measurement of other gamma emitters in a relative good detection limit. 203 
Lead shielding of the sample has been applied to measure 99Mo based on the low γ- 204 
energy of 99mTc (140.5 keV). [5,6,7]. However, the dead shied also reduces the counting 205 
efficiency of other gamma emitters, consequentially worsen their detection limits. 206 
Therefore, it is no suitable for sensitive measurement of radionuclides (e.g. 131I, 103Ru). 207 
Chemical separation of technetium might be an option, but the chemical property of 208 
technetium is similar to ruthenium and molybdenum, it is not easy to chemically remove 209 
technetium, but not Ru, Mo, I and other gamma emitters. Due to the shorter half-life of 210 
99mTc (6 h) compared to major impurity radionuclides (131I, 103Ru, 99Mo), radioactive 211 
decay can quickly reduce the activity of 99mTc relative to other gamma emitters. Fig. 2 212 
shows the variation of radioactivity of 99mTc, 99Mo, 131I and 103Ru with the decay time. 213 
After 7 days decay, only 3.7×10-9 of 99mTc remains, but 17% of 99Mo, 55% of 131I and 214 
88% of 103Ru still remains.  215 
 216 
 217 
 218 
 219 
 220 
 221 
 222 
 223 
 224 
 
Fig. 2  Variation of radioactivity of 99mTc, 99Mo, 131I and 103Ru with decay time 
 
Fig. 2  Variation of radioactivity of 99mTc, 99Mo, 131I and 103Ru with decay time 
Journal of Radioanalytical and Nuclear Chemistry 
 10 
By this method, 99mTc can be efficiently removed, enable to measure low level of γ-225 
emitting impurity radionuclides. Fig. 3 shows a gamma spectrum of 99mTc eluate of 2.5 226 
GBq after 5 days decay, 99Mo and 103Ru in this sample were reliably measured. For a 227 
99mTc solution of 5 GBq, the detection limits of the method is 20 Bq for 99Mo, 4.5 for 131I, 228 
3.0 Bq for 103Ru  for 60 min. counting  and 7 days decay. It should be mentioned that the 229 
detection limits for 131I and 103Ru might be degraded when the content of 99Mo in the 230 
samples is high, but less than 20 Bq for 131I and 103Ru when it contains 5 MBq of 99Mo. 231 
 232 
 233 
 234 
 235 
 236 
 237 
 238 
 239 
 240 
 241 
Separation of 99Mo and 99Tc/99mTc for measurement of alpha emitters by LSC  242 
In 235U fission produced 99Mo, alpha emitters are principally uranium and its long-lived 243 
activation products, including 237Np, 238Pu, 239Pu, 240Pu, and 241Am.  Tedious chemical 244 
separation procedure including solvent extraction, ion exchange chromatography, 245 
electrodeposition and alpha spectrometry measurement method have been applied for 246 
determination of plutonium [12]. An individual separation or a combined separation 247 
method is needed for other alpha emitting radionuclides. An extraction scintillator has 248 
 
 
Fig. 3 Gamma spectrum of 99mTc eluate of 2.5 GBq after 5 days decay, showing the 
measurable 99Mo and 103Ru.  
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been proposed to extract both plutonium and americium for the measurement of total 249 
alpha emitters using LSC [11].  However, 99Mo and 90Y can be also extracted to the 250 
scintillator, which significant worsens the detection limit of alpha emitters because of the 251 
spillover of beta emission of 99Mo into alpha window, especially for samples with 252 
relative high 99Mo.  A simple single step anion exchange chromatographic method was 253 
proposed in this work for separation of 99Mo and 99mTc from the 99mTc eluate. This is 254 
based on non-adsorption of actinides (U, Np, Pu, Am, Cm) on strong anion exchange 255 
resin at neutral or diluted HCl acid, where Tc and Mo, as well as other anions such as 131I 256 
(iodide or iodate) and Ru (RuO4-), can be strongly absorbed on the column. The 257 
experiment using spiked solution (simulating the 99mTc eluate) shows that the 258 
decontamination factors are 5×103 for 99Mo and 5×104 for 99mTc, while the recoveries of 259 
U, Pu and Am are more than 83% in 2 ml of effluent and 2 ml wash (Table 2). The 260 
slightly lower recovery is attributed to the small volume of 0,1 mol/l HCl wash solution. 261 
When the column was washed with 10 ml of 0.1 mol/l HCl, the recovery of U, Pu and 262 
Am are higher than 95%. In this work, only 2 ml of 0.1 mol/l HCl was used to wash the 263 
column and an average recovery for alpha emitters (U, Np, Pu and Am isotopes) of 264 
(84.2±4.0)% was used for calculation of the total alpha activity in the 99mTc eluate.  It 265 
should be mentioned that 99Tc can also cause interference for the total alpha measurement 266 
by LSC through spillover to alpha window.  Besides from 99mTc, 99Tc is also formed 267 
through direct decay of 99Mo, which is accumulated in the generator column. Due to the 268 
long half-life of 99Tc (211.1 kyr), the activity level of 99Tc is normally low in the 99mTc 269 
eluate. A long accumulation time might cause an increased level of 99Tc in the 99mTc 270 
eluate. For 10 GBq 99Mo-99mTc generator, 99mTc eluate might contain 250Bq 99Tc after 2 271 
days accumulation,  this might cause a contribution to the alpha window due to spillover 272 
of 99Tc counts, and causing an increased detection limit for total alpha emitters. The 273 
separation method using anion exchange chromatography can also remove 99Tc in the 274 
99mTc eluate, so reducing its influence in the LSC measurement of total alpha emitters. 275 
The detection limit of this method for total alpha is calculated to be 0.05 Bq. However, 276 
the detection limit of total alpha can be degraded when high content of 99Mo in the 277 
sample due to the spillover of 99Mo counts to alpha window. For a 99mTc eluate 278 
containing 5GBq 99mTc and 5MBq 99Mo, the separated solution for total alpha 279 
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measurement still contain about 300 Bq of 99Mo after 5 days decay and anion exchange 280 
chromatographic separation with a decontamination factor of 5.1×103. This might cause 281 
an increased counts up to 190 CPM in the alpha window, corresponding to an increased 282 
detection limit of 6 Bq, which is higher than the required limitation of 1×10-9 for ratio of 283 
total alpha to 99mTc activity in pharmacopoeias [3,4]. In this case, two anion exchange 284 
chromatographic columns are applied to enable to achieve a decontamination factor of 285 
2.5×105 for Mo, which enable to improve the detection limit of alpha emitters to 0.12 Bq, 286 
corresponding to a ratio of 2.4×10-11 to 99mTc.  287 
Table 2  Chemical recoveries of U, Pu and Am and decontamination factors of Mo and 288 
Tc in the anion exchange separation procedure. 289 
Redionuclide Recovery , % 1) Decontamination factor 2) 
2 ml wash 10 ml wash 2 ml wash 10 ml wash 
238U 84.1±3.1 96.7±3.4   
242Pu 83.8±3.5 95.2±3.5   
241Am 84.5±3.6 96.5±3.8   
99mTc   (5.5±0.4)×104 (3.7±0.8)×104 
99Mo   (5.1±0.8)×103 (3.8±1.2)×103 
1) Recovery of actinides in the effluent and 0.1 mol/l HCl wash 290 
2) The ratio of the 99mTc and 99Mo in the effluent and wash to their amount in the original 99mTc 291 
eluate.  292 
Separation and purification of radiostrontium for measurement of low level 89Sr 293 
and 90Sr  294 
For measurement of low level 89Sr and 90Sr in the 99mTc eluate, all other radionuclides 295 
have to be removed with high decontamination factors, especially for 99mTc and 99Mo 296 
which are very high radioactivity compared to 89Sr and 90Sr in the 99mTc eluate, a 297 
decontamination factors of more than 107 in total are required.  298 
In the separation procedure using anion exchange chromatography, strontium as Sr2+ is 299 
not adsorbed on the column and collected in the effluent and 0.1 mol/l HCl wash. The 300 
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tracer experiment using 85Sr and 90Sr shows that the recovery of strontium is more than 301 
98%, 90Y also showed a recovery of more than 99% in this step (Table 3). 302 
For further purification of radiostrontium, a specific extraction chromatographic column, 303 
Sr spec column (2ml) was applied. The tracer experiment showed that radiostrontium can 304 
be quantitatively separated with a recovery of more than 98%. While the decontamination 305 
factor of Sr-column is more than 5×105 for 99mTc and 99Mo (Table 3). The overall 306 
decontamination factors for 99mTc and 99Mo by two steps chromatographic separation 307 
reach to more than 1×108. Considering the removal of 99mTc by radioactive decay, the 308 
removal efficiency for 99mTc should reaches to more than 1×1013 for 7 days decay. For a 309 
99mTc eluate containing 10 GBq 99mTc and 1 MBq 99Mo, the detection limits of the 310 
method are 0.5 Bq for 89Sr and 90Sr, corresponding to a limitations 5×10-11 for 89Sr and 311 
90Sr, more than 3 orders of magnitude lower than the required limitation in the 312 
pharmacopoeias [3,4].  313 
Table 3  Chemical recoveries of strontium and decontamination factors of Mo and Tc in 314 
the chemical separation procedure for 89Sr and 90Sr measurement  315 
Nuclide Recovery , %  Decontamination factor 1) 
AG1×-4 Sr-
coulmn 
Total AG1×-4 Sr-coulmn Total 
85Sr 98.6±2.3 99.5±1.5 98.0±2.
5 
   
90Sr 99.2±1.3 98.2±2.5 97.7±2.
8 
   
90Y 99.7±1.6 < 0.5 <0.5    
99mTc    (5.5±0.4)×104 (8.6±1.2)×105 (2.6±0.6)×109 
99Mo    (5.1±0.8)×103 (5.7±1.8)×105 (1.2±0.4)×108 
1) The ratio of the 99mTc and 99Mo in the separated solution to the amount in the original 316 
99mTc eluate.  317 
 318 
Interference of beta emitters on the measurement of total alpha emitters by LSC 319 
using α/β discrimination function.  320 
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Based on the different pulse decay time of alpha particles and beta particles in LSC, alpha 321 
particles can be measured by LSC using the build-in pulse shape analysis (PSA) or time 322 
resolved pulse decay analysis function in most of commercial LSC instrument. However, 323 
it is impossible to completely avoid mis-discrimination of beta to alpha, or alpha to beta 324 
window, selection of suitable PSA parameter is critical for obtaining reliable result and 325 
low detection limit for alpha emitters. For this purpose, 242Pu, 99Mo, 90Sr-90Y are spiked 326 
to 2 ml of the simulated eluate solution, i.e. 0.45% NaCl-0.1mol/l HCl, after mixed with 327 
scintillation cocktail, they were measured by Quantulus 1220 LSC at different SPA 328 
values. The results (Fig. 4  and 5) shows the best SPA value is 100, at this condition, the 329 
spillover of beta to alpha window in the experiment condition can be controlled to less 330 
than 1.0 %, while the loss of alpha count to beta window is less than 1.5%.  331 
 332 
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    Fig. 4   Spillover of 99Mo to alpha window and 242Pu to beta window at 
different PSA settings  
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 360 
Measurement of 89Sr and 90Sr by LSC using Cherenkov counting 361 
89Sr and 90Sr are pure beta emitters with different energies, when both of them exist in the 362 
sample, two times Cherenkov counting or one LSC and one Cherenkov counting can be 363 
used for their measurement [14]. In this work, two times Cherenkov counting was applied 364 
for measurement of 89Sr and 90Sr. The first measurement was implemented immediately 365 
after Sr-resin column separation. In this case, the measured counts mainly resulted from 366 
the beta particle of 89Sr with maximum energy of 1495 keV, the contribution of 90Sr is 367 
very small due to its low energy (Emax = 546 keV). With 10 ml of 0.05 mol/l HNO3 368 
eluate of strontium from the Sr-column, the Cherenkov counting efficiency of 89Sr was 369 
(34.5±1.1)%, while only less than 1% for 90Sr.  90Sr decays to 90Y, which is also a pure 370 
beta emitter with a high beta energy (Emax=2280 keV), and can be measured by 371 
Cherenkov counting. The counting efficiency of 90Y by Cherenkov counting using 372 
Quantulus 1220 LSC was measured to be (58.0±1.5)%, which will cause a contribution to 373 
the 89Sr measurement, if 89Sr is counted a relative longer time after the Sr- column 374 
separation. It can be calculated that about 2.1 % and 5.2 % of 90Sr (through 90Y) is 375 
counted after 2 hours and 5 hours of the separation, respectively. Therefore, it is better to 376 
count 89Sr within 5 hours after the separation. The contribution of 90Sr (through 90Y) has 377 
to be corrected, if 89Sr measurement was conducted more than 2 hours after the 378 
separation.  379 
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90Sr in the separated strontium fraction was measured 7-10 days after then separation 380 
through Cherenkov counting of 90Y grown from 90Sr. Due to the relative short half-life of 381 
90Y (64 h), the activity of 90Y is 83.8 % of the 90Sr activity after 7 days ingrowth. Because 382 
89Sr remains in the separated strontium samples, it is also counted through 90Y. Although 383 
the Cherenkov spectrum of 90Y slightly expended to high-energy direction, but very high 384 
overlapped with the spectrum of 89Sr (Fig. 6). The measured counts is the sum of 90Y and 385 
89Sr, the 90Sr activity was calculated by subtraction of the 89Sr contribution and for the 386 
ingrowth of 90Y (not reaching equilibrium between 90Y and 90Sr).  387 
 388 
 389 
 390 
 391 
 392 
 393 
 394 
 395 
 396 
 397 
 398 
 Analytical accuracy and detection limit 399 
In order to confirm the analytical accuracy of the developed method for determination of 400 
the beta and alpha emitters, standard addition method was used. A 10 ml 99mTc eluate 401 
taken from a 10 GBq 99Mo-99mTc generator was divided into two 5 ml aliquots, one 402 
 
  Fig. 6   Spectra of 89Sr and 90Y(90Sr) by Cherenkov counting 
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aliquot was used for direct analysis, another aliquot was spiked with 89Sr, 90Sr and 242Pu 403 
and analyzed using the developed method. The results (Table 4) show that the measured 404 
values of 89Sr, 90Sr and total alpha are in a good agreement with the spiked values 405 
(p<0.01), confirmed that the developed method is accurate. 406 
 407 
Table 4  Analytical results of 99mTc eluate with standard addition of 89Sr, 90Sr and 242Pu 408 
Radionuclide 5 ml 99mTc elute  5ml 99mTc eluate with spikes  
 Bq Spiked value, Bq Analyzed value, Bq 
89Sr 0.16±0.02 5.21±0.12 5.28±0.35 
90Sr 0.20±0.06 8.15±0.15 8.38±0.43 
Total alpha (242Pu) <0.05 1.25±0.04 1.27±0.07 
 409 
 410 
Table 5 listed the calculated detection limit of the method for each radionuclide. For 411 
gamma emitters,   these values are calculated based on 7 days decay time and the content 412 
less than 5 kBq 99Mo in 10 GBq 99mTc eluate at the beginning, which are often situation 413 
in the routine quality control analysis of 99mTc eluate in 99m/99mTc generator products in 414 
our lab. For a sample with high 99Mo content, the detection limits for 131I, 103Ru and other 415 
gamma emitters will be higher than the values listed.  416 
 417 
Table 5  Detection limits of the analytical method for the impurity radionuclides in 99mTc 418 
eluate from fission 99Mo/99mTc generator 419 
Radionuclide Measurement method Detection limit 1), 
Bq 
Limitation by Eu Ph. 2), 
Bq  
99Mo γ-spectrometry 20 5.0×106 
131I γ-spectrometry 4.5 2.5×105 
103Ru γ-spectrometry 3.0 2.5×105 
89Sr LSC/Cherenkov counting  0.5 3.0×103 
90Sr LSC/Cherenkov counting 0.5 3.0×102 
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Total alpha LSC/α/β discrimination 0.05 5.0 
1) For a decay time of 7 days, and 30 min counting time for gamma spectrometry 420 
and LSC. 421 
2) For a 99mTc eluate of 10 GBq  422 
 423 
Analytical results of 99mTc eluates from some batchs of 99Mo/99mTc generators  424 
The deveoped method has been used for the routine analysis of 99mTc eluate from  425 
99Mo/99mTc generators for radionuclidic impurity as part of the quality ontrol of the 426 
99Mo/99mTc generator in our lab. Table 6 shows the analytical results of 99mTc eluate from 427 
4 batches of 99Mo/99mTc generators. The measured radionuclidic impurities are lower 428 
than the limitation of Eu. Ph. In some samples, the 99Mo content was relative high, up to 429 
0.7 MBq in 1.0 GBq of 99mTc eluate, indicating 99Mo the major impurity radionuclide. 430 
But this level is still much lower than the limitation of 0.1% of the 99mTc radioactivity in 431 
the European phamarcopoeia [3].   432 
Table 6  Analytical results of impurity radionculides in 99mTc eluate from some batches 433 
of 99Mo/99cTc generators for quality control  434 
Radionuclide Concentration of radionuclide in 99mTc eluate from different batches 
Batch 1 Batch 2 Batch 3 Batch 4 
99mTc, GBq 3.87±0.06 5.27±0.07 5.62±0.09 1.02±0.03 
99Mo, kBq 48.0±3.5 105±7 275±18 705±25 
131I, Bq < 4.0 5.60±3.2 175±32 12.4± 6.8 
103Ru, Bq < 3.0 <3.0 90±35 <3.0 
89Sr, Bq <0.25 <0.32 <0.24 <0.50 
90Sr, Bq <0.30 <0.41 <0.25 < 0.50 
Total alpha, Bq 0.06±0.03 <0.05 0.13±0.07 <0.05 
 435 
Uncertainties presented in the analytical results are expanded uncertainties using a 436 
coverage factor k=2, which was estimated considering all possible contributions. For γ-437 
emitters, the uncertainty mainly come from the statistic error of gamma rays counting, 438 
spectra interference especailly from high level of 99Mo, efficiency calibration, and sample 439 
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weight.  For 89Sr and 90Sr, the uncertainty mainly comes from the statistic error of LSC 440 
counting, counting efficiency calibration,  procedure blank, recovery in the chemical 441 
separation steps (anion exchnage and Sr-column chromatography) and sample weigh. For 442 
total α-emitters,  the statistic error of LSC counting of alpha emitters in sample, blank 443 
and standard, spillover of beta counts to alpha window, counting efficiency, recovery of 444 
alpha emitter in chemcial separation and sample weight.  445 
In all samples, the content of radiostrontium and total α-emitters are very low, close to 446 
the detection limit, causing the analytical uncertainties are relative high, this is mainly 447 
becasue of the counting uncertainty for samples and blanks.  448 
Conclusions 449 
A sequentially analytical method was developed for simultaneous determination of 450 
radionuclidic impurities in 99mTc eluate for quality control of 99Mo/99mTc generator, 451 
including 99Mo, 131I, 103Ru, other gamma emitters, 89Sr, 90Sr and total α-emitters. The 452 
results show that this method can well meet the requirement of quality control of 453 
99Mo/99mTc generators according the limitation of European pharmacopoeia. The main 454 
findings and achievements are listed below: 455 
1) Radioactive decay is an effective and useful method for removal of 99mTc for 456 
measurement of gamma emitting radionuclides, 7 days decay can remove 99mTc by a 457 
factor of 2.7×108, which enable measurement of 131I and 103Ru down to 4.5 and 3.0 458 
Bq and 99Mo of 20 Bq.  459 
2) 99Mo is the major radionuclidic impurity in 99mTc eluate from the 99Mo/99mTc 460 
generator, the high 99Mo content in the sample degrades the detection limit of other 461 
gamma emitters. For a 99mTc eluate containing 5 MBq of 99Mo content, the detection 462 
limit of 131I, 103Ru and other gamma emitters will be worsened to 20 Bq.  463 
3) 99Mo and 99mTc/99Tc are the major interference for the measurement of pure beta and 464 
alpha emitters using LSC and have to be removed by chemical separation. Strong 465 
basic anion exchange chromatography is confirmed an effective method for removal 466 
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of Mo and Tc with a decontamination factor of 5×103 and 5×104, respectively, while 467 
the possible alpha emitters (U, Pu, Np, Am and Cm isotopes) and strontium can be 468 
highly recovered. For high 99Mo content sample, a two-column separation is needed 469 
for obtaining a better detection of total alpha emitters, which is influenced by 99Mo 470 
through spillover to alpha window in LSC measurement.  471 
4) A further purification of strontium using a specific Sr-column is proposed enabling 472 
to obtain a pure strontium solution for measurement of 89Sr and 90Sr in a low level. 473 
With the established method, the decontamination factors for 99Mo and 99Tc are 474 
higher than 1×108. Considering the removal of 99mTc by radioactive decay, this is 475 
sufficiently good for the determination of 89Sr and 90Sr down to 0.5 Bq in the 99mTc 476 
eluate.  477 
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